Sulfur mustard (bis [2-chloroethyl] sulfide, HD) is a potent cutaneous vesicant that causes gross blisters by separation of the epidermal-dermal junction (EDJ). The EDJ of the skin is a highly specialized and complex structure composed of several components and plays a major role in the integrity of the skin. The isolated perfused porcine skin flap (IPPSF) was dosed with 0.2 mg/ml (n = 4), 5.0 mg/ml (n = 4), and 10.0 mg/ml (n = 5) HD or ethanol (n = 4) for 8 hr (dose-response study) and 10.0 mg/ml HD or ethanol for 1, 3, 5, and 8 hr (n = 4/treatment) (time-response study). Successful EDJ mapping was carried out in normal pig skin (NPS), ethanol-treated IPPSFs, and HD-treated IPPSFs using the following antibodies: laminin, type IV collagen, fibronectin, GB3 (Nicein), bullous pemphigoid (BP), and epidermolysis bullosa acquisita (EBA). Two mouse anti-human monoclonal antibodies, L3d and 19-DEJ-l (Uncein), did not cross-react with the EDJ of the pig. Antibody staining in NPS, ranging from very intense for laminin and type IV collagen to weak for fibronectin, was generally more discrete than in the IPPSF. No differences in staining were noted between the ethanol and nonblistered areas of the HD-treated IPPSFs. In HD-blistered areas, BP stained only the epidermal hemidesmosomes, and laminin, fibronectin, and GB3 stained primarily the dermis with fragments attached to the basal pole of the stratum basale cells, while type IV collagen and EBA stained only the dermis. Mapping of these epitopes determined that the precise plane of EDJ separation in the HD-treated skin occurred beneath the hemidesmosomes within the upper portion of the lamina lucida. The conservation of human epitopes in the EDJ of the pig further emphasizes the similarities between human skin and pig skin. Therefore, pig skin and the IPPSF may be used to study HD-induced vesication and blistering diseases.
INTRODUCTION
Sulfur mustard (bis [2-chloroethyl sulfide], HD) is a potent cutaneous vesicant. HD exposure to human skin causes severe cutaneous lesions manifested by erythema and gross blisters (30, 32, 41) . Microvesicles are formed in a number of animal species in response to cutaneous exposure to HD. However, no known in vitro model except the isolated perfused porcine skin flap (IPPSF) produces gross blisters.
Porcine skin is morphologically (17, 19, 20, 26) and histochemically (16, 33, 42) similar to human skin and has been utilized as a model for the study of percutaneous absorption and toxicity ( 1, 31 ) . The IPPSF, an alternative in vitro model, is morphologically similar to human skin (22) and correlates well to in vivo (5, 40) and human absorption (34) data. The advantages of this system over other in vitro systems include a viable full-thickness skin preparation, an intact vasculature, a relatively large surface area for dosing, ease in sample collection, ease of measuring and manipulating experimental parameters, and the lack of systemic immune system mediation. The in vivo and in vitro models employed to study vesicant exposure either lack the structural and functional similarities to human skin or fail to produce gross blisters. Micheltree et al (18) showed that cutaneous exposure to HD and lewisite (L) in pigs resulted in microvesicle formation but not gross blisters. Studies utilizing other in vivo models such as rabbit, guinea pig, hairless guinea pig, and human skin graft/nude mouse model (15, 27-29, 38, 39) have reported similar results. The IPPSF is the only in vitro model that produces gross fluid-filled blisters in response to the analog 2-chloroethyl methyl sulfide and other vesicants (12, 13, 24, 25) .
The effects of cutaneous exposure of HD and L on the epidermal-dermal junction (EDJ) antigens has been briefly explored (13, 23, 24, 25) . The purpose of this study was to investigate: (1) the crossreactivity of 8 epitopes in pig skin that are present within the EDJ of normal human skin; (2) the crossreactivity of these epitopes in the IPPSF; (3) the effects of HD on these epitopes in the IPPSF; and (4) the EDJ cleavage plane within blistered HDtreated flaps.
METHODS
Female weanling Yorkshire pigs ( 18-23 kg) purchased commercially were allowed to acclimate for a minimum of 1 wk prior to surgery. They were housed at 72°F on elevated pen floors with a 12-hr lightll2-hr dark cycle. The pigs were provided ad libitum with water and 15% protein pig and sow pellets (Wayne Feeds Division, Chicago, IL).
The surgical procedure (Stage I and Stage II) is described in detail elsewhere (2, 21) . Briefly, Stage I surgery involves the formation of 2 axial pattern, tubed skin flaps on the ventral abdomen of the pig. The flaps, removed from the pig 48 hr later during Stage II surgery, were cannulated, flushed with heparinized saline, and each placed in a skin flap perfusion chamber maintained in a specially designed fume hood.
The flaps were perfused with a modified Kreb's-Ringer bufler containing bovine serum albumin and electrolytes. The oxygen concentration, temperature, and humidity in the chamber and the pH and flow rate of the media were continuously monitored by computer and maintained throughout the entire perfusion period. Media flow, pressure, and glucose were recorded to determine the glucose utilization (GU) and vascular resistance (pressure/flow) of the flap.
Each flap was perfused 1 hr prior to dosing to assess biochemical (GU) and morphological viability. All flaps were dosed with 200 Al of absolute ethanol or HD within a 5.0-cm2 Stomahesive (ConvaTec-Squibb, Princeton, NJ) dosing template using a Microman positive displacement pipette (Gilson Medical Electronics S.A., Villers-le-Bel, France). In the dose-response study, flaps were dosed with absolute ethanol (n = 4) or HD (0.2 mg/ml [n = 4], 5.0 mg/ml [n = 4], or 10.0 mg/ml [n = 5]) and perfused for 8 hr. For the time-response study, flaps were dosed with absolute ethanol or HD (10.0 mg/ ml) and perfused for 1, 3, 5, and 8 hr (n = 4/group).
Following flap perfusion, tissue samples were taken from the dosed area for light microscopy (LM). LM samples were fixed in 10% neutral buffered formalin, processed routinely through graded ethanols, and embedded in paraffin. Sections (6 Am) were cut on a Reichert-Jung 820 rotary microtome, stained with periodic acid-Schiff (PAS), and photographed on an Olympus BH-2 photomicroscope (Olympus Optical, Ltd., Tokyo, Japan). Tissue for immunochemistry was harvested and immediately oriented in an aluminum foil boat, quenched, and embedded in OCT Compound (Tissue-Tek, Miles Inc., Elkhart, IN) in an isopentane well immersed in liquid nitrogen.
Indirect immunohistochemistry (IH) (or immunofluorescence, IF) and immunoelectron microscopy (IEM) were performed using rabbit anti-mouse Engelbreth-Holm-Swarm (EHS) tumor laminin, rabbit anti-mouse EHS tumor type IV collagen (Dr. H. Furthmayr, Stanford University), rabbit anti-human fibronectin (Biogenex Laboratories, San Ramone, CA), monoclonal mouse anti-human GB3, human bullous pemphigoid antibody (BP, IgG titer > 1:2,560), and human epidermolysis bullosa acquisita antibody (EBA, IgG titer 1:320) on all ethanol and HD-treated flaps. In addition, skin dissected from the ventral abdomen of the pig acted as normal controls for the flaps. The mouse antihuman monoclonal antibodies L3d and 19-DEJ-1 I did not cross-react to EDJ epitopes in pig skin.
Indirect IH was carried out using routine biotin/ streptavidin methodology. Cryosections (8 Am) were cut on a cryostat (Histostat, AO Reichert Scientific Instruments, Buffalo NY), mounted on poly-L-lysine-coated slides, and air dried for 20 min. Sections were then incubated in 3% hydrogen peroxide and rinsed in 0.1 M phosphate-buffered saline (pH 7.6).
The sections were incubated in 3% normal goat serum for 30 min, followed by the primary antibody (laminin, type IV collagen, fibronectin, BP, or EBA) or the control (normal rabbit or human serum). Biotinylated IgG conjugate (goat anti-rabbit or goat antihuman) (Boehringer-Mannheim Biochemica) was applied for 1 hr followed by a 30-min incubation in the streptavidin-peroxidase conjugate label (Boehringer-Mannheim Biochemica). The tissue was then fixed in formol saline for 15 min and the reaction product developed in the substrate 3'3-diaminobenzidine tetrahydrochloride (DAB, Polysciences Inc., Warrington, PA). The sections were de- hydrated through a graded ethanol series, cleared, mounted unstained, and screened on a microscope equipped with brightfield optics. Indirect IF was performed in a manner similar to the IH. The cryosections were incubated in the primary (GB3 or normal mouse serum control) and secondary (fluorescein isothiocyanate-labeled goat anti-mouse IgG) (Sigma ImmunoChemicals, Sigma Chemical Co., St. Louis, MO) antibodies for 30 min each and mounted in glycerin. Micrographs were taken on a Zeiss IM 35 inverted microscope equipped with epifluorescence (Carl Zeiss, Inc., West Germany).
Indirect IEM was performed using a modification of the method described by Yaoita et al (45) . Cryosections (20 ~m) were mounted on chrome alumcoated slides, air dried, and incubated in normal goat serum. The sections were incubated for min in the primary antibody or the corresponding control. The secondary antibody (biotinylated goat anti-rabbit IgG, anti-mouse IgG, or anti-human IgG) was applied to the sections for 1 hr and followed by a 45-min incubation of the streptavidin-peroxidase conjugate label. The sections were fixed in halfstrength Kamovsky's fixative (22) at 4°C and the reaction product developed in DAB. The tissue was postfixed in 1 % osmium tetroxide, dehydrated through a graded ethanol series, cleared in acetone, and infiltrated in Spurr resin (Polysciences, Inc., Warrington, PA). Each section was topped with resin and polymerized overnight at 60°C. Tissue sections (600-900 A) were cut on a Reichert Ultracut E ultramicrotome (Leica, Nussloch, Germany) and mounted on 75 x 200-mesh copper grids. Unstained sections were screened and photographed in a Philips EM 410LS transmission electron microscope (Philips Electronic Instruments, Inc., Mahwah, NJ).
RESULTS
Morphological characterization of HD-induced blisters (EDJ separation) was reported elsewhere in detail (24, 25) . HD-induced vesicles within the dose site coalesced to form large bullae (gross blisters).
Blisters were localized to the EDJ in PAS-stained pig skin (Fig. 1) . Gross blisters and microvesicles were present in the 0.2-mg/ml, 5.0-mg/ml, and 10.0mg/ml HD-dosed IPPSFs (Table I) ters or microvesicles were noted in the ethanol controls. Indirect IH and IEM were conducted on all samples from each flap in the dose-response and time-response studies. Since EDJ epitope localization within the flaps of the dose-response and timeresponse studies were identical, only the dose-response study will be described.
Indirect IH
The IH of laminin, type IV collagen, fibronectin, BP, and EBA and the IF of GB3 in normal pig skin (NPS) and in the IPPSF will be described below.
Laminin. The laminin antibody bound to NPS and formed a continuous linear label along the EDJ and along the capillary basement membrane ( Fig.  2A ). The staining pattern within the ethanol IPPSFs was typically broader yet more intense than in the NPS (Fig. 2B ). No staining differences were observed between the ethanol control and the nonblistered areas of the HD-treated flaps. In blistered areas of HD-treated flaps, laminin stained the dermal side of the separation (blister floor), with occasional staining of the basal pole of the stratum basale cells (blister rooo (Fig. 2C ). Staining of the dermal interface was more intense in the blistered areas than in the adjacent nonblistered areas.
Type IV Collagen. In NPS, type IV collagen exhibited EDJ and capillary basement membrane staining similar to the linear pattern oflaminin (Fig.  3A ). Type IV collagen had a higher EDJ binding affinity in the ethanol (Fig. 3B ) and in the nonblistered areas of the HD-treated IPPSFs than in the NPS. In all of the blistered areas of the HD-treated IPPSFs, staining was limited exclusively to the dermis and was more intense than the adjacent nonblistered areas (Fig. 3C ).
Fibronectin. Fibronectin stained a faint, fairly continuous band along the intact EDJ in NPS (Fig.  4A ), ethanol-treated flaps, and nonblistered HDtreated flaps (Fig. 4B) . No basement membrane was detected. Staining was localized primarily to the dermis ofHD-blistered flaps, with stained fragments attached to the basal pole of the stratum basale cells (Fig. 4C ).
GB3. The GB3 monoclonal antibody bound to the EDJ and stained an intense continuous band in NPS (Fig. 5A ), ethanol-treated (Fig. 5B) , and nonblistered areas of HD-treated flaps. In the HD-blistered areas, the staining was localized to the dermis (Fig. 5C ). BP Antibody. The BP antibody stained a faint, broken label along the EDJ of NPS (Fig. 6A) . In contrast, all ethanol flaps and HD-nonblistered areas (Fig. 6B ) exhibited a more intense and continuous staining of the EDJ. Antibody staining of HDblistered areas was limited to the basal pole of the stratum basale cells (Fig. 6C ). EBA Antibody. The EBA antibody stained a continuous band along the EDJ in NPS (Fig. 7A) , ethanol-treated (Fig. 7B) , and HD-nonblistered areas of the IPPSF. In HD-blistered areas, the antibody bound to the dermis (Fig. 7C ).
L3d and 19-DEJ-l. No staining of NPS was noted by immunohistochemistry. Normal serum controls of NPS, ethanol-treated, and HD-treated (nonblistered and blistered areas) IPPSFs revealed no specific staining within the EDJ or the capillary basement membrane.
Indirect IEM
The ultrastructural mapping of the 8 EDJ epitopes in NPS and the IPPSF is summarized in Table II and illustrated in the following figures.
Laminin. Antibody binding in NPS exhibited a well-defined, homogeneous pattern along the EDJ (Fig. 8A ) and around the dermal vasculature. All ethanol treatments and nonblistered areas of HDtreated IPPSFs (Fig. 8B ) produced a similar but more diffuse and fragmented staining pattern. In all flaps with HD-induced blisters, staining occurred predominately on the dermal interface with remnant staining on the basal pole of the stratum basale cells (Fig. 8C) .
Type IV Collagen. Type IV collagen binding in NPS formed a discrete, fairly continuous band along the EDJ (Fig. 9A ) and capillary basement membrane. In contrast, staining in all ethanol and HDnonblistered areas was more diffuse (Fig. 9B ). Antibody localization in HD-blistered areas was limited to the dermal side of the split (Fig. 9C) .
Fibronectin. Although the cross-reactivity of fibronectin was extremely low, the slight antibody staining was found along the EDJ (Fig. 10A) , the upper papillary dermis, and the capillary basement membrane of NPS and HD-treated nonblistered areas of the IPPSF (Fig. l OB) . In HD-blistered areas of the IPPSF, fibronectin bound predominantly to the dermis (Fig. 1 roc) with discrete areas of epidermal staining. Fibronectin staining was much more intense in the HD-blistered areas of the IPPSF than in the nonblistered areas.
GB3. This antibody bound to the EDJ of NPS to form a discrete discontinuous pattern (Fig. 11 A) .
In most of the ethanol and nonblistered HD-treated IPPSFs (Fig. 11 B) staining was localized beneath the hemidesmosomes. In HD-blistered areas, staining was localized primarily to the dermis (Fig. 11 C) , with occasional remnant staining of the basal pole of the stratum basale cells. BP Antibody. In NPS, BP stained a discrete discontinuous pattern along the EDJ (Fig. 12A) . A more continuous staining pattern was observed in most ethanol controls (Fig. 12B ) and nonblistered areas of HD-treated flaps. In the HD-induced blistered flaps, BP was localized to discrete areas within the hemidesmosomes (Fig. 12C) . EBA Antibody. EBA stained a diffuse band along the EDJ of NPS (Fig. 13A) , ethanol, and nonblis- tered HD-treated IPPSFs (Fig. 13B ). The antibody staining was better delineated in the flap than in NPS. In blistered HD IPPSFs, the antibody was bound exclusively to the dermis (Fig. 13C ).
ZJ~ <x~/ 7 9-DEJ-7.
No cross-reactivity occurred in NPS with the mouse anti-human monoclonal antibodies L3d and 19-DEJ-1.
The normal control sera produced no staining in NPS, ethanol-treated IPPSFs, or nonblistered and blistered areas of HD-treated IPPSFs.
In summary, the HD-induced separation of the EDJ in the IPPSF is localized to the upper lamina lucida (Fig. 14) .
DISCUSSION
The EDJ of porcine skin has been described to be similar ultrastructurally to that of humans (20, 26) . The EDJ consists of the basal cell plasma membrane (which includes the hemidesmosomes), the lamina lucida, the lamina densa (basal lamina), and the subbasal lamina. The antibodies chosen for this study have been localized within the EDJ of human skin and were found to cross-react with epitopes within the porcine EDJ. The authors are unaware of any extensive mapping studies within the EDJ of normal pig skin. Stanley et al (36) did report that laminin, type IV collagen, and BP bound to the EDJ of normal skin of weanling Yorkshire pigs. Another study (33) found that porcine skin exhibited a high degree of cross-reactivity to murine laminin and to human type IV collagen and BP. The mapping of additional antibodies within the EDJ allows further characterization of normal porcine skin and the IPPSF. In addition, the specificity of these antibodies within the EDJ of pig skin provides the precise localization of the HD-induced blister cleavage plane. Other studies suggest laminin was found primarily (9) or exclusively (14) within the lamina densa. It is now believed that the laminin molecule spans at least a portion of both layers (4, 11) . Type IV collagen, the major structural protein of the EDJ (3), to the lamina lucida (probably in association with hemidesmosomes) and the lamina densa (37) . The BP antigen is spatially associated with the hemidesmosomes of the cell membrane, although a portion of the molecule may cross into the lamina lucida (7) . Woodley et al (44) defined the EBA antigen from autoantibodies in the sera of EBA patients and localized the antigen to the lamina densa of the human basement membrane. The mouse monoclonal antibodies L3d and 19-DEJ-1 (Uncein) did not crossreact in NPS. In normal human skin, the L3d antibody binds an epitope on the carboxyl-terminal domain of type VII collagen immediately beneath the lamina densa located on the anchoring fibrils (3 S). The 19-DEJ-1 antibody binds within the midlamina lucida directly beneath the hemidesmosomes and may recognize an epitope on either a portion of the subbasal dense plate or the anchoring filaments (8) . The epitopes characterized by these monoclonal antibodies were not conserved in the skin of Yorkshire pigs.
In this present study, indirect IH staining has shown that antibodies to laminin, type IV collagen, fibronectin, GB3, BP, and EBA cross-react with EDJ epitopes in normal pig skin and in the in vitro IPPSF model. Laminin, type IV collagen, and BP usually stained the EDJ in the IPPSF more intensely than in NPS. IEM, in general agreement with the IH, has shown that the staining patterns in NPS are similar, though more discrete than in the IPPSF. However, the GB3 antibody stained the EDJ in nonblistered flaps more discretely than in NPS. The more diffuse staining pattern typically found along the EDJ of most IPPSFs may be explained by a slight diffusion of the EDJ epitopes during perfusion. Fibronectin staining of NPS capillary basement membrane was noted by IEM but not by IH due to extremely low cross-reactivity of this antibody. HD (and its analog 2-chloroethyl methyl sulfide) and L caused the formation of gross blisters and microscopic EDJ separation in the IPPSF similar to that described in vesicant exposure of human skin (12, 13, 24, 25) . IH of HD-blistered and nonblistered areas from the IPPSF dosing site revealed a slight to intense antibody staining. No difference in antibody staining affinity was found between the IPPSF dosed with 0.2, 5.0, and 10.0 mg/ml HD and ethanol-dosed IPPSFs. Therefore, HD does not appear to affect the integrity of the EDJ epitopes. Epitope mapping of HD-blistered skin by IH localized the cleavage plane to be within the laminin and fibronectin, above the type IV collagen, GB3, and EBA, and below the BP antigenic sites. IEM precisely defined the plane of epidermal-dermal cleavage. The laminin antibody bound primarily to the dermis with focal areas of attachment to the basal pole of the stratum basale cells. Woodley et al (43) described the same pattern using IF in split human skin preparations. This indicates that the cleavage plane in the blistered HD-treated IPPSFs is localized to the upper portion of the lamina lucida. Type IV collagen, GB3, and EBA bound to the lamina densa and exclusively stained the dermal surface. Hemidesmosome-associated BP antibody stained only the epidermis. This is identical to the cleavage plane found in both experimental (suction, sodium chloride, heat shock, EDTA, various proteases) and diseased (junctional epidermolysis bullosa, autoimmune bullous diseases) states. In conclusion, the characterization of the EDJ in NPS and in the IPPSF was determined by the mapping of antibodies to laminin, type IV collagen, fibronectin, GB3, BP, and EBA. These 6 antibodies did cross-react with the EDJ epitopes in NPS while L3d and 19-DEJ-1 did not. Antibody staining in the IPPSF was similar though generally more diffuse than in NPS. No differences in antibody affinity were found between ethanol flaps and nonblistered areas of HD-dosed flaps. The EDJ cleavage plane of the HD-blistered IPPSFs was within the upper lamina lucida, the weakest component of the EDJ. These data, coupled with historical morphological studies, prove that the pig skin EDJ has similarities to human skin and enhances the potential of the IPPSF as a model to study HD-induced vesication and blistering diseases.
